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Abstract
To comply with the very strict emissions regulation the automotive industry is succeeding in developing ever more
efficient engines, and there is scope for more improvements. In this regard, some investigations have suggested that
insulating the combustion chamber walls of an internal combustion engine (ICE) yield low thermal losses. Most of the
literature available on this topic presents simplified models that do not allow studying in detail the coating impact on
engine efficiency. A more precise approach that consists in the combination of Computational Fluid Dynamics (CFD)
and Conjugate Heat Transfer (CHT) simulations is used in this paper to predict the heat losses through the combustion
chamber walls of a spark ignition (SI) engine. Two configurations are considered for the single cylinder engine: the
metallic case and the same engine with coated piston and cylinder head. The insulation material has a low thermal
conductivity (k < 1.0 W/(mK)). The numerical results are validated by comparison with the results of a 1D heat transfer
model and with experimental data for a medium load operation point (3000 rpm -7 bar IMEP). The solutions obtained
are analyzed in detail in terms of wall temperature distribution and heat transfer. The impact of the coating on the
engine efficiency is thus assessed. The CFD-CHT calculations yields very good results in terms of heat transfer prediction
during the whole engine cycle.
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1. Introduction
Over the last decades engine manufacturers have fo-
cused their efforts on developing new technologies resulting
in more efficient and eco-friendly powertrains. These devel-
opments concern mainly the SI engines, as these are seen as
having more improvement potential in terms of emissions,
and also because they better fit new hybrid technologies.
The main goal is to achieve an engine with lower emis-
sions and higher efficiency [1–3]. Among the solutions that
are being explored to improve thermal efficiency, one is
the development of innovative insulating materials to coat
some engine parts [4–6], such as the combustion chamber
walls and the exhaust pipes manifold. However, the real
global impact of coating these surfaces on the final engine
performance is not clear. Hence, numerical and experimen-
tal studies need to be carried out before any commercial
release.
Early researches about applying thermal barrier coat-
ings in internal combustion engines (ICE) were carried out
in the 1980s [7–9] targeting heat losses reduction. The
approach consisted in using a material with low thermal
conductivity and high thermal conductance to coat parts
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of the combustion chamber in order to decrease the ther-
mal gradient between the gas and the solid surfaces. The
thermal efficiency of the engine could thus be improved.
However, further studies showed the drawbacks of this
concept on engine performance, such as the deterioration
of the volumetric efficiency [10, 11]. Also, the resulting
higher temperatures of the coated chamber walls could
favor knock occurrence in SI engines [12].
On the other hand, some investigations have stated that
the use of coatings with low thermal conductivity and low
thermal capacity may reduce the heat losses through the
combustion chamber walls without affecting its volumetric
efficiency [13]. With these materials the wall temperature
follows the gas transient temperature evolution during the
engine cycle [14, 15]. Lower temperatures on the surfaces
during intake are achieved [12, 16]. Toyota has been pio-
neer in introducing this ‘Thermo-Swing Wall Insulation’
(TSWIN) concept [17–19] in a turbocharged Diesel engine.
They applied a novel advanced insulation material of low
thermal conductivity, named SIRPA, on the lips of the pis-
ton and claimed a substantial gain in engine efficiency. The
term ”thermo-swing” was used to describe the fact that the
temperature evolution of the insulated surface would follow
the instantaneous gas temperature changes, thus reducing
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heat transfer through the combustion chamber walls. Since
then, several other studies have been conducted to deter-
mine the impact of insulating the combustion chamber
walls of an ICE [20, 21].
Developing new coating materials for ICEs is quite chal-
lenging as they have to combine optimal insulating proper-
ties with resistance and adherence properties to endure the
engine operating conditions. Advanced test benches and
numerical simulations are needed in order to determine the
effectiveness of the coatings. From the experimental point
of view, some R&D studies have been carried out using
optical techniques [19] to measure the temperature on the
coated surfaces. However, there are many uncertainties
linked to these measurements, highlighted by many other
works available in the literature [11, 13, 22–24]. In this
sense, the numerical simulations play an important role,
since they may provide more detailed information at a
much lesser cost.
In the last decades computational tools have become
essential in the design and improvement of automotive
powertrains. Among other things, Computational Fluid
Dynamics (CFD) and Conjugate Heat Transfer (CHT) sim-
ulations are used to give insight into the physical processes
that take place in an ICE, such as the combustion and
the heat transfer through the walls, and to complement
experimental measurements. There is indeed a diversity of
papers available in the literature concerning these topics
[11, 25–32].
There are however few numerical studies about the use
of new insulation materials in ICEs. 0D-1D models can
be used to define the optimal properties for the insulation
coatings and study their impact on engine performance.
CFD simulations have been performed by [11] to evaluate
the effect on the combustion process of coating the piston
and cylinder head of an SI engine. In this case the instan-
taneous temperature evolution of the coated surfaces was
imposed as boundary condition without considering the
heat transfer through the solid walls.
These works cannot provide detailed information about
the temperature distribution on the insulated surfaces, so
that maximum temperature hot spots cannot be identified
for instance. Yet, identifying these is interesting to ensure
material resistance. In addition, it is also important to
calculate the heat transfer through the insulated surfaces in
order to minimize the heat losses through the walls of the
combustion chamber. This can only be done by a combined
CFD-CHT modeling approach, which allows solving simul-
taneously in a coupled simulation the processes in the fluid
domain of the combustion chamber and the heat transfer
through the solid domain of the engine components. It
therefore represents a useful means of studying the impact
on engine performance of applying advanced insulation
coatings on ICE combustion chamber walls.
The main objective of this work is two-fold. On the one
hand, validate the use of a CFD-CHT approach to calculate
accurately the instantaneous heat transfer through the
combustion chamber walls during the whole engine cycle.
On the other hand, assess the impact of a new generation
insulation material on engine heat losses for a medium load
operation point. For this study, two configurations of a
single cylinder engine SI engine have been considered, the
metallic reference case and the same engine with coated
piston and cylinder head.
The methodology, validation and results of this research
are presented in the following sections of this paper. In
section 2, all the details about the methodology for the
CHT calculations are described. Section 3 presents the
numerical set-up for the CHT model. In section 4, the
validation of the approach is presented with the analysis
and discussion of the results. Finally, section 5 summarizes
the conclusions about the suitability of the CHT approach
to study the heat transfer in coated ICEs.
2. Methodology
The methodology followed for the CFD-CHT validation
and simulations is summarized in Fig. 1. It can be divided
in two main steps described below:
Figure 1: Methodology for CHT calculations.
2.1. CFD-CHT validation with metallic engine
For the full engine cycle simulations the whole gas ex-
change process (GEP), starting from exhaust valve opening
(EVO) is also simulated together with the closed cycle. The
piston and the cylinder head geometries are also included
in the meshing, since CHT will be applied to these two
solid parts.The calculations were performed for a medium
load operation point (3000 rpm, 7 bar) of a single cylinder
engine described in section 3.1.
In order to validate the CHT results, the obtained
mean temperature levels and swing on the piston wall are
compared with the results of the 1D simulation performed
with a 1D lumped model [11, 33]. In addition, the fluid
domain is validated by comparison of the experimental and
simulated in-cylinder pressure traces [34, 35].
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2.2. CFD-CHT for coated engine
Following the same approach as described above, CFD-
CHT calculations are carried out with coated piston and
cylinder head. The details of the coating material such as
thickness, thermal conductivity and heat capacitance are
specified in Table 1. It is one of the materials developed
for the European project EAGLE (G.A.No. 724084) [36].
Finally, the results obtained with the coated engine are
compared with those of the base aluminium engine in order
to quantify the impact of the thermal insulation material.
Table 1: Coating insulation material properties
.
Piston Cyl. Head
Conductivity [W/mK] 0.85 0.85
Heat capacitance [kJ/m3K] 2600 2600
Thickness [µm] 160 140
3. Numerical setup
3.1. Geometry and engine specifications
The computational domain for the calculations includes
both the fluid and solid zones. The fluid region includes the
single cylinder geometry, as well as the intake and exhaust
ports, while the solid region is formed by the piston and
cylinder head. In the case of the coated configuration the
layer of insulating material is integrated in the solid on the
gas exposed surfaces of the piston and cylinder head, so
that the engine compression ratio remains unchanged. The
engine geometry was provided by IFP Energies Nouvelles
(IFPEN) and its main non-confidential characteristics are
presented in Table 2 together with the operation condition
used for the simulations.
Table 2: Engine specifications.
Engine type 4-stroke spark ignited
IMEP [bar] 7
Engine speed [rpm] 3000
Bore - Stroke [mm] 75-93
Compression ratio 14:1
Ignition timing [cad aTDC] -27
Number of valves [-] 2 intake and 2 exhaust
3.2. Mesh and model set-up
The commercial CFD code CONVERGE v2.3 [37] based
on the finite-volume method has been used for the CHT
simulations presented in this paper. Based on previous
mesh independence studies, the mesh for the engine is
hexahedral with a base grid size of 2 mm and has been
generated at run-time by a cut-cell Cartesian method. Fur-
thermore, the grid size is reduced close to the combustion
chamber ports and valves and at the fluid/solid interfaces
of the piston and cylinder head to ensure good resolution
of the boundary layer. The region near the spark plug
was also refined at the start of the ignition to adequately
model the combustion process [38, 39]. Furthermore, an
adaptive mesh refinement algorithm (AMR) available in
the code was used to refine the combustion chamber base
grid in regions with significant gradients of temperature
and velocity.
Figure 2: Mesh of the computational domain at -27 aTDC.
The meshed computational domain for the calculations
is shown in Fig. 2, including both the fluid and solid
domains.
3.3. Models and boundary conditions
To model the combustion process, the SAGE detailed
chemistry solver, which uses local conditions to calculate
reaction rates based on the principles of chemical kinetics
[40] was employed. The RNG (re-normalization group) k-ε
[41] was chosen to model turbulence, in combination with
the O’Rourke and Amsden for heat transfer to the wall
[42, 43]. Compressible flow properties were defined with the
Redlich-Kwong state equation [44]. The pressure-velocity
coupling in CONVERGE is achieved using a modified Pres-
sure Implicit with Splitting of Operators (PISO) algorithm
[45].
Considering that it takes much longer to converge the
solid region than the fluid region, the super-cycling ap-
proach of CONVERGE has been used to solve the conju-
gate heat transfer problem [37], whereby the fluid and the
solid are coupled in a fully transient calculation. The heat
transfer coefficient (HTC) and the near wall temperature at
the fluid/solid interface cells are stored in stages at defined
time-step intervals. The super-cycling speeds up the conver-
gence of the solid by reducing the number of cycles needed.
Indeed, the fluid solver is frozen at the super-cycling time
step intervals, while the solid heat conduction problem is
converged to steady state using time averaged boundary
conditions from the stored fluid temperatures and HTC.
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The coupling of fluid and solid is then resumed and the
process repeated until the solid temperature has converged.
For the prediction of the the wall temperature evolution
on the solid surfaces a supercycling time step interval of
720 CAD was set, while the heat transfer variables were
stored every 4 CAD.
Figure 3: (a)Different zones considered for the boundary conditions
on the piston and (b) on the cylinder head.
Only the temperatures of the piston and cylinder head
solid surfaces were calculated with the CHT method. All
other gas-exposed surfaces (liner and valves) were consid-
ered as isothermal during the whole engine cycle. The
temperature boundary conditions on these walls were pre-
viously calculated by an iterative process with a lumped
model [46, 47].
For the CHT simulation of the piston and cylinder head,
boundary conditions have to be imposed on both sides of
the fluid/solid interfaces [10, 34, 35]. The required bound-
ary conditions for CHT at the inner solid surfaces in contact
with the gas are the heat capacitance, the thermal con-
ductivity, and the density of the wall material (aluminium
or equivalent coating). The thickness of the material is
directly given by the meshed geometry of the walls. It is
important to set appropriate boundary conditions for the
gas or fluid in contact with the walls of the piston in order
to achieve the right temperature levels on the piston sur-
face. Thus the solid piston is divided into several regions
as shown in Fig. 3 to take into account the properties
of the different fluids (gas, coolant) in contact with its
surfaces. These are summarized in Table 3. The boundary
conditions imposed at the outer fluid interface are convec-
tion conditions, which require values for the near-wall heat
transfer coefficient and near-wall gas/fluid temperature.
For the piston top and crown, these parameters are directly
calculated by the CFD-CHT process. For the piston ring,
skirt and oil cavity values were taken from the literature.
Table 3: Boundary conditions on the piston fluid interface.
Piston top Contact with the combustion gas
given by the calculation itself
Piston crown Contact with combustion gas near
the liner wall given by the calculation
Piston ring Piston segments [37]
Piston skirt Contact with oil vapor [48]
Piston oil cavity Contact with cooling oil [49]
For the cylinder head inner wall in contact with the gas,
the boundary conditions on both sides of the fluid/solid
interfaces are analogous to the ones imposed on the piston.
For the outer wall a convection boundary condition taking
into account the heat transfer coefficient and the tempera-
ture of the cooling system is imposed, as indicated in Fig.
3 (b).
For the coated engine configuration, the coating layer
is applied on the piston top surface (Fig. 3 (a)) while
for the cylinder head it is applied on the inner cylinder
head surface (Fig. 3 (b)), excluding the intake and exhaust
valves. These are considered as isothermal for both engine
configurations, with a fixed temperature calculated with
the lumped model.
4. Results and discussions
4.1. CFD-CHT Validation
As explained in section 2.1, the first step in the CFD-
CHT calculations is to ensure adequate convergence of the
cycles by comparing the pressure traces with the experimen-
tally measured ones provided by IFPEN. This ensures that
the combustion parameters have been properly set. In fact,
these are tuned for the metallic engine configuration and
assumed to remain unchanged for the coated configuration.
In reality the coating may slightly affect the combustion
process also, but the averaged pressure traces measured
for both the aluminium and coated engines are practically
identical, with less than 1 bar difference in peak pressure.
This is seen in Fig. 4 where the corresponding curves are
very similar (black for the metallic average pressure; green
for the coated case). On this same figure, the measured
cyclic dispersion of the SI engine is indicated by the grey
shadowed area. The maximum dispersion over 300 cycles
is about 25.6 bar.
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In addition, Fig. 4 shows the in-cylinder pressure traces
of the last three converged cycles obtained with the CFD-
CHT simulations for both engine configurations: blue for
the metallic configuration and red for the coated one. The
maximum difference of these curves with the experimental
average pressure traces (green and black) is of the order of
about 10 bar. All simulated cycles fit within the experimen-
tal cyclic dispersion of both engine configurations. It may
be concluded that the combustion process is adequately
simulated.
When comparing the calculated pressure traces of the
metallic (blue) and coated (red) engines, the maximum
pressure difference is relatively small, between 2 and 5
bar. Clearly, it seems that the coating has no significant
influence on the pressure traces, as is also observed experi-
mentally.
Figure 4: Calculated in-cylinder pressure traces for metallic and
coated engine configurations compared to experimental measure-
ments.
The evolution of the average wall temperatures dur-
ing the engine cycle (the so-called temperature swing) is
displayed in Fig. 5 (a) and Fig. 5 (b) for the CHT calcu-
lated piston and cylinder head surfaces, respectively. Note
that the average is made only with the converged cycles
values. In the same plot the results are also compared
with the results obtained with the 1D Heat Transfer Model
(HTM) [11]. Though there are some differences, the CHT
calculations seem to reproduce quite well the temperature
swing in all configurations. As expected, the surface tem-
perature swings on the piston and cylinder head are both
significantly higher due to the application of the coating.
Additional comments can be made about Fig. 5:
→ The average temperature level and evolution on the
piston surface calculated with the CHT are similar
to the ones predicted by the 1D HTM, although the
CHT approach tends to predict higher maximum
temperature in the coated configuration (about 18K,
representing 4% in the case of the piston, less for the
cylinder head).
Figure 5: Temporal evolution of the average wall temperature on (a)
the piston top surface and (b) the inner cylinder head surface.
→ The traces for the cylinder head follow the same
tendency with both models. For this surface the
difference between the models is slightly larger along
the cycle, by about 3%.
→ The temperature swing is larger on the coated piston
surface than on the cylinder head surface.
→ The average temperature of the coated surfaces is
hotter by about 10 to 20 K with respect to the alu-
minium configuration.
The small differences observed between both models,
the 1D-HTM and the CFD-CHT can be attributed to their
very different assumptions: the 1D-HTM model neglects
radial heat transfer, and simplifies the geometry.
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4.2. Heat transfer analysis
The amount of heat transferred through each of the
combustion chamber walls for the metallic and coated
engines are compared in Fig. 6. As shown, most of the
heat is transferred through the piston and the cylinder
head for both configurations. There is a reduction of 10.7%
and 2.5% in the heat transferred to the coated piston and
cylinder head respectively. As there is an increase of 6.4%
through the liner wall, the total heat transfer through the
combustion chamber walls decreases by almost 3%. The
fact that the largest reduction happens through the piston
surface may be due to the fact that the coating layer is
thicker than in the cylinder head.
Figure 6: Heat transfer balance: comparison between metallic and
coated engines.
Even so, the detailed balance of heat transfer through
the coated cylinder head does not differ significantly from
that of the aluminium head. 57% of the heat is transferred
through the coated surface, while the rest (43%) leaves
through the valves. This is practically the same balance
as for the aluminium engine (58% versus 42%). The heat
transfer balance is quantified in Table 4.
Table 4: Heat transfer balance in the combustion chamber.
HT Alu[J] HT Coat[J] Diff.[%]
Piston 41.3 36.9 - 10.7
Head Surface 25.9 25.0 - 3.5
Intake Valves 10.2 10.5 2.9
Exhaust Valves 8.7 8.4 - 3.5
Total Cyl. Head 44.9 43.8 - 2.5
Liner 31.4 33.4 6.4
Total 117.6 114.2 - 2.9
The results of the CFD-CHT calculations are further
analyzed in order to study the impact of coating the piston
and cylinder head on the total heat transfer. The purpose
is to quantify the heat loss/gain achieved when applying
thermal insulation.
Fig. 7 shows the temperature spatial distribution on the
solid piston at 10 cad aTDC for the aluminium and coated
configurations. Higher wall temperatures are reached for
the insulated piston. For both cases the piston top is
the hottest surface, as can be expected considering that
this surface is directly exposed to the hot combustion gas.
Also remarkable is that for the aluminium piston, the
temperature gradient is mostly axial, the coolest part being
naturally the piston skirt, which is in direct contact with
the cooling oil. For the coated piston, there is clearly some
radial temperature gradient also, meaning that some radial
heat transfer takes place, which would not be taken into
account by the 1D HTM model.
Figure 7: Wall temperature distribution in the solid piston at 10
CAD.
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Figure 8: Temperature distribution on piston and cylinder head surfaces during combustion.
The spatial temperature distributions on the piston
surface exposed to the gas for the metallic and the coated
engine at three different crank angles during the combus-
tion phase is displayed at the top of Fig. 8. For both
configurations, the temperature distribution is clearly non-
symmetric: the hottest area on the piston surface is located
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Figure 9: Burned mass fuel fraction (left) and near wall gas temperature field (right) close to piston and cylinder head for coated engine at 20
CAD.
in the lower part. The maximum thermal gradient on the
aluminium piston top surface is about 20 K at 20 cad,
while for the coated piston it is about 130 K at the same
instant. Note that the scale does not show maximum tem-
perature value; it has been reduced to ensure visibility of
the gradient. The red colour indicates temperatures above
510 K and up to 570-580 K. For the aluminium engine,
there are hardly any differences between the three instants
plotted, in agreement with the very low temperature swing
observed in Fig. 5. The snapshot of the coated engine at
20 cad is very close to the peak temperature instant (23,4
cad), as is clear from the maximum temperature reached
on this surface.
The bottom part of Fig. 8 shows the spatial tempera-
ture distribution on the inner surface of the cylinder head
at various crank angles during combustion. The hottest
spots are located at the centre of the wall for both oper-
ation conditions, while the periphery remains cooler. As
expected, the maximum thermal gradient in the uncoated
cylinder head is small (35 K) compared to that of the
coated one (80 K). As happened also on the piston surface,
the temperature distribution on the metallic cylinder head
does not change much between -10 cad and 20 cad, while
the warm-up is clearly visible for the coated cylinder head.
Also, in the coated configuration, a clear asymmetry of the
temperature distribution is visible.
Fig. 9 explains the non-uniformity of the temperature
distribution on the piston and cylinder head surfaces. In-
deed, it is due to the non uniform flame front propagation,
as illustrated by the non-uniform gas temperature field
close to the solid surfaces at 20 cad of the engine cycle
(right hand side of the figure). The gas temperature follows
the burned gases distribution (left hand side of figure) and
shows that the combustion takes longer to extend to the
periphery of both the piston and the cylinder head. In
addition, the gas is also hotter on the exhaust valves side
(right of cylinder head in figure).
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Figure 10: Comparison between the metallic and coated engines. Volumetric, combustion and indicated efficiencies .
4.3. Engine efficiencies
The engine volumetric, combustion and indicated effi-
ciencies for the metallic and coated engine configurations
at the studied operating condition are presented in Fig. 10.
The corresponding experimental values are also plotted in
these figures. As may be observed, in terms of absolute
values, the numerical results are in good agreement with
the experimental measurements.
Both experiments and calculations agree that there is
no impact of the coating on the volumetric efficiency at
this operation point. This is to be expected, because the
wall temperature during the intake and exhaust phases
is increased by about 20 to 40 K with the coating. This
increase is relatively small in comparison to the average
gas temperature. In addition, because of the high regime
(3000 RPM), there is no time for the intake air to heat up,
especially considering that it is also in contact with other
cooler surfaces like the liner.
Moreover, the coating seems to provide a very low gain
of 0.05% in the simulated combustion efficiency, lower than
the one resulting from the measurements (0.26%). These
differences are not significant, though. The highest wall
temperature swing is felt during the combustion process,
but the increase is about 100 K versus over 2000 K in gas
temperature during this phase. Hence, its impact on the
combustion efficiency is negligible.
Finally, in the experimental test the coating seems to
induce a loss of 0.14% in indicated efficiency, while the
CHT results show a gain of 0.17%. The problem is that
the differences are so small, that they are in the range of
measurements and calculation uncertainties.
Nonetheless, these results confirm that the CFD-CHT
calculations are able to simulate accurately the evolution
of the heat transfer through the walls of the combustion
chamber during the engine cycle.
5. Conclusions
This work presents the methodology, validation and
results of the conjugate heat transfer (CFD-CHT) simu-
lations performed to quantify the heat losses through the
walls of a single cylinder SI engine combustion chamber
during the whole engine cycle, so as to assess the impact
of coating the piston surface and the cylinder head on the
engine efficiencies. This study has been performed with
the commercial software CONVERGE.
The validation has been carried out by comparing the
in-cylinder pressure with experimental measurements, and
the mean wall temperature on the combustion gas exposed
surface of the piston with the mean temperature obtained
with a well-validated 1D heat transfer model. Though both
models are obviously very different in nature, the CHT
calculated temporal evolution of the piston and cylinder
head wall temperatures follow a very similar tendency to
those obtained with the 1D model. Furthermore, the aver-
age temperature level throughout the engine cycle shows
maximum differences of the order of 3% in the simulations
performed.
The CHT simulations have provided very useful infor-
mation concerning the local heat transfer through the walls
of the solid parts, as well as the temporal evolution and
spatial distribution of the surfaces temperatures. In partic-
ular, they have clearly shown that there is some radial heat
transfer that is never taken into account by 0D-1D models,
nor in combustion CFD calculations, and this affects the
surface temperature distribution. This effect is more visi-
ble for the coated engine. This in turn has an impact on
the combustion process that is not seen with isothermal
CFD calculations. Asymmetries have been observed in the
spatial temperature, more obvious on the coated piston
surface, but also on the cylinder head. These seem to be
related to the non-uniform advance of the flame front, and
to the presence of hotter gas in the vicinity of the exhaust
pipes.
The main conclusions of this study may be summarized
as follows: the coating plays its role, in the sense that
the insulation ensures that the wall follows the trend of
the gas temperature temporal evolution in the combustion
chamber (temperature swing), which the metallic piston
hardly does. This has some impact on the heat losses
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with reduction of about 3%. A very slight gain of 0.17%
in indicated efficiency is calculated. However, the major
problem is that the calculated gain is so small, that it is in
the range of measurements and calculation uncertainties.
In summary, the good agreement between the exper-
imental measurements and the numerical solutions pre-
sented in this work confirms the reliability of the CFD-
CHT approach. It can be confidently used to simualte the
instantaneous heat transfer during the whole engine cycle
as long as the boundary conditions are properly set. This
means that it is also possible to calculate with accuracy
the impact of the new insulation materials on engine heat
losses.
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